[1] A numerical hindcast of the Pacific Ocean circulation for the period of 1988-1998 is conducted to study the dynamics of interannual variations in the 1990s. The Poseidon quasi-isopycnal ocean model is forced with an SSMI-derived wind stress product and sea surface heat flux from an atmospheric mixed layer model. On the basis of a good comparison of the hindcast results with TAO mooring observations, the roles of the propagation and reflection of the equatorial Kelvin and Rossby waves in the evolution of El Niño and La Niña events in the 1990s are investigated. The linear waves are extracted from the nonlinear model in such a way as to preserve model nonlinearity so that the validity of linear theory of the wave propagation and reflection at the western and eastern boundaries can be examined. It is found that the reflection of the Kelvin waves at the eastern boundary is in very good agreement with a linear reflection at a straight meridional wall. In contrast, the reflection of the Rossby waves at the Pacific western boundary is significantly different from linear theory. Besides the validation of linear theory, the decomposition also shows marked differences from altimetry data analyses. Since the hindcast solution is dynamically consistent and close to observations, a significant part of the differences is attributed to errors associated with the incomplete (least squares fit) wave decomposition from the altimetry data. On the basis of the wave decomposition, the dynamics of the simulated El Niño and La Niña events in the 1990s are compared with three ENSO paradigms. The investigation shows that precursive Rossby waves, important in the Delayed Oscillator paradigm, played an important role in the termination of the 1991-1993 and the 1997-1998 El Niño events. Reflected Rossby waves from the Pacific eastern boundary, the primary negative feedback in the Advective-Reflective paradigm, were present during the termination of the 1994-1995 and the 1997-1998 El Niño. The Western Pacific Oscillator is at best at work during the decay of the 1997-1998 El Niño; however, it played a minor role compared with the other paradigms. None of the three paradigms appears to describe the termination of the 1988-1989 and the 1995-1996 La Niña events and the onset of the 1997-1998 El Niño event well. 
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Introduction
[2] Studies of the El Niño-Southern Oscillation (ENSO) phenomena have shown that equatorial ocean waves play an important role in the evolution and phasing of coupled interactions of the tropical Pacific Ocean and atmosphere. They form the basis for three of the ENSO paradigms: the Delayed Oscillator paradigm , the Advective-Reflective paradigm [Picaut et al., 1997] , and the Western Pacific Oscillator (WPO) paradigm [Weisberg and Wang, 1997] . So far, there is still ambiguity as to how these waves and paradigms are simulated in a primitiveequation ocean general circulation model. Existing studies [Boulanger et al., 1997; DeWitte et al., 1999] have shown that the wave dynamics in an ocean general circulation model can be different from a simple wave model. The assessment of the effects of the differences has been impeded by the lack of historical observations, particularly direct current measurements. The Tropical Atmosphere Ocean (TAO) mooring arrays [e.g., McPhaden et al., 1998 ] now provide multi-year time series of velocity measurements in the equatorial Pacific Ocean. In this study, we will use these measurements to validate a hindcast of the Poseidon quasi-isopycnal ocean general circulation model and to examine the wave dynamics of ENSO in light of the existing ENSO paradigms. The investigation is not to verify or to reject any ENSO paradigms, nor is it meant to study any specific nonlinear processes in the general circulation model. The purpose of the examination is to provide a first integral estimate of linear equatorial waves in a nonlinear hindcast and to identify the differences between the general circulation model and the simple models to assess deficiencies of the simple models. The results of investigation are very important to the understanding of the ENSO dynamics.
[3] Existing theories of the western boundary wave reflection assume that the reflection is governed by linear dynamics and that the zonal mass flux of the incident long Rossby waves is returned in full by the eastward propagating Kelvin waves [e.g., Cane and Sarachik, 1977; McCreary, 1981; Clarke, 1983; Cane and Gent, 1984; McCalpin, 1987] . The linear theory relies on the fact that at low frequencies, only three types of waves are possible: long Kelvin and Rossby waves and short Rossby waves; The short Rossby waves are non-divergent and are not associated with a net zonal mass flux but merely redistribute mass along the western boundary. In reality, strong western boundary currents and mesoscale eddies are found in the vicinity of the Pacific western boundary, which can distort the short Rossby waves through nonlinear terms, rendering the conservation of zonal mass flux in the linear theory inaccurate. Recent analysis of altimetry observations indeed shows that the reflection at the Pacific western boundary is not in agreement with the linear theory [Boulanger and Fu, 1996; Zang et al., 2002] . The western boundary reflection is a key element of modern ENSO theory . With the complex geometry and the possibility for nonlinear effects, the efficiency of the Rossby wave reflection at the western boundary should be investigated in a fully nonlinear regime.
[4] The reflection at the eastern boundary is characterized by fast incoming Kelvin waves reflected into slowly westward propagating equatorial Rossby waves. The slow zonal propagation of the Rossby waves facilitates vertical energy propagation [Kessler and McCreary, 1993] . There is a question as to how much of the reflected Rossby wave energy reaches the central Pacific [Rothstein et al., 1985; Gent and Luyten, 1985] . The downward leakage of Rossby wave energy is sensitive to the vertical density profile, which is distorted in the linear models. With a general circulation model, it can be determined how much of the wave energy from the eastern boundary has reached the central and western equatorial Pacific Ocean.
[5] Boulanger and Menkes [1999] studied wave dynamics in altimetry data and found that wave reflection at the Pacific western boundary was important to the evolution of the 1997 -1998 El Niño. In contrast, the analysis of the same altimetry data by Delcroix et al. [2000] showed that the Kelvin waves from the western Pacific during the 1997-1998 El Niño were mostly wind driven. The difference suggests large uncertainties associated with the wave decomposition of the altimetry data and brings into question the 75% reflection efficiency obtained by Boulanger and Menkes [1999] at the eastern boundary. The analytical investigation of Clarke [1983] suggests that the reflection should be close to a full reflection to the first order. Linear modeling of the interannual equatorial waves during the 1990s have been conducted by Boulanger [2001] , Boulanger and Menkes [2000] , McPhaden and Yu [1999] , and Delcroix et al. [2000] . Disparate conclusions with respect to the wave reflections have been drawn from these studies. To date, there has been no quantitative examination of the wave reflectivity in a nonlinear model. It is known that nonlinear terms contribute significantly to the surface momentum balance of the equatorial Pacific Ocean circulation [Harrison et al., 2001a [Harrison et al., , 2001b .
[6] Equatorial wave decompositions have been conducted by Delcroix et al. [1994] , Boulanger and Menkes [1995] , Picaut and Delcroix [1995] , Boulanger and Fu [1996] , and Delcroix et al. [2000] on altimetric observations. The wave decomposition based only on the altimetric sea levels involves the inversion of an ill-conditioned matrix, so that uncertainties associated with the singular value decomposition of the matrix are large. The use of the geostrophic zonal velocity can cause the decomposition to be heavily biased toward the sea level data. There are also problems like the assumption of shallow water dynamics, the inclusion of the seasonal cycle, and the influence of the observational errors. In contrast, our decomposition uses zonal velocity and pressure fields from a nonlinear model simulation and is thus dynamically consistent. The decomposition is essentially a projection of the model zonal momentum equation onto the vertical and meridional modes of the linear equatorial waves, with the nonlinear term acting as a forcing term (see Appendix A). The use of both the zonal velocity and pressure fields in the wave decomposition ensures the complete nonlinear zonal momentum balance in the model, whereby the validity of the linear theory on the wave propagation and reflection can be examined rigorously. The decomposition is a first integral of the zonal nonlinear momentum balance and demonstrates the long equatorial waves collectively forced by the wind stress and model nonlinearity.
[7] This paper is organized as follows. Section 2 contains a brief introduction to the Poseidon ocean model used for the hindcast simulation. The simulated zonal velocity and thermocline depths are compared with the TAO measurements in section 3 to validate the simulation. In section 4, the interannual anomaly fields are decomposed into linear Kelvin and Rossby waves and the reflections of the waves at the Pacific western and eastern boundaries are compared with linear theory. The dynamics of the simulated ENSO are compared with the ENSO paradigms in section 5. Conclusions are summarized in section 6.
Model
[8] The Poseidon ocean model used here has been documented by Schopf and Loughe [1988] except that prognostic salinity has been included [e.g., Yu and Schopf, 1997; Yang et al., 1999] . The model has a generalized vertical coordinate that represents a turbulent mixed layer of Niiler and Kraus [1977] type at the surface and nearly isopycnal layers in the deep ocean. For this study, a reduced gravity treatment is made at about 2300 m in the tropics with no bottom topographic effects represented in the model. Temperature and salinity are calculated prognostically within each layer. The vertical diffusion, parameterized in a Richardson-number-dependent formula of Pacanowski and Philander [1981] , is implemented at 3-hour intervals through an implicit scheme that is able to handle enhanced diffusion in cases of gravitationally unstable density profiles. Horizontal diffusion is computed daily using an eighth-order Shapiro [1970] filter in the mass, momentum, and tracer fields. The equation of state of sea water has been approximated by a low-order polynomial for computational efficiency. Details of the scheme are given by Schopf and Loughe [1988] .
[9] The model is deployed over the Pacific basin from 119°E to 68°W and from 46°S to 66°N. The zonal resolution is 1°. A stretched grid is used in the meridional direction, varying from 1 3°a t the equator to 1°poleward of 20°N and 20°S. There are 20 layers in the vertical. The resolution is increased from that of Schopf and Loughe [1988] to better resolve the thermocline and the eastern equatorial cold tongue. All the lateral boundaries are closed. A 10°buffer zone is used along the southern boundary to relax the temperature and salinity to the Levitus climatology to reduce the impact of the closed boundary. The relaxation timescales increase from 2 days to 20 days away from the southern boundary. The closed western boundary condition is not realistic. However, Clarke [1991] and others have shown that the Pacific western boundary is highly reflective. Our focus in this study is an investigation of the model western boundary reflection in comparison with the linear theories, leaving the porosity issue to future studies. At the sea surface, wind stress and heat fluxes are applied and the salinity is relaxed to climatological values with a 15-day timescale. The external sea surface heat flux is provided by the atmospheric mixed layer model of Seager et al. [1995] with the time-varying air temperature and specific humidity from the NCEP/NCAR reanalysis [e.g., Kalnay et al., 1996] and climatological monthly mean shortwave radiation from the Earth Radiation Budget Experiment (ERBE) [e.g., Harrison et al., 1993] . The model has been spun up for 10 years with the monthly climatological wind stress of Special Sensor Microwave Imager (SSM/I). At the end of the spinup, 6-hourly SSM/I wind stress from 1 January 1988 onward is applied.
[10] The SSM/I surface wind stress is derived from the surface wind analysis produced by Atlas at al. [1996] using a combination of the SSM/I wind speed data with other conventional data and with the ECMWF 10 m surface wind analysis. The surface stress was produced from this analysis using a drag coefficient according to Large and Pond [1982] . The hindcast in this paper covers the period of 1988 -1998, with the results in early 1988 discarded as spinup.
Model Validation
[11] The simulated vertical thermohaline structures are compared with the Levitus climatologies in Figure 1 . Except for the underestimated salinity maximum at the thermocline depth, the good agreement in Figure 1 , and 44 cm s À1 , respectively, in the TAO observations. The surface zonal velocity during 1997 has been overestimated in the model at 165°E; however, the phase of the interannual anomalies has been simulated well. The zonal velocity in the central equatorial Pacific at 140°W during spring 1998 has been simulated very well.
[13] At the thermocline depth, the zonal velocity compares well with the TAO measurements ( Figure 2e ). The success in the eastern equatorial Pacific in particular is attributed to a successful simulation of a sharp ocean thermocline (not shown). The coherence -squared and phase functions ( Figure 2f ) confirm that the low-frequency components have been simulated well.
[14] In addition to the zonal velocity, model dynamic heights also compare well with island tide gauge data and with the altimetry data (figures not shown). All the comparisons indicate that the major interannual variations of the Pacific Ocean circulation are captured well by the hindcast.
Thermocline Depth
[15] The simulated thermocline depth anomalies represented by the depth anomalies of the ninth model layer are compared with the 20°C isotherm depth anomalies measured by the TAO arrays in Figure 3 . The model interannual anomalies in this section are monthly mean anomalies relative to monthly climatologies for the period of 1989-1996. The root-mean-square differences between the climatological ninth layer depths with or without the 1997 -1998 El Niño is only 3.0 m at 165°E, 2.0 m at 140°W, and 3.8 m at 110°W, respectively. The root-mean-square differences between the surface and thermocline-depth zonal current climatologies are 0.08 m s À1 and 0.04 m s À1 at 165°E, 0.05 m s À1 and 0.04 m s À1 at 140°W, and 0.03 m s À1 and 0.05 m s À1 at 110°W, respectively. The anomaly and the decomposed wave structures based on the two climatologies are essentially the same. The observed anomalies are relative to monthly mean climatologies of available record lengths (see Wang and McPhaden [1999] for a description of the TAO data and the climatologies).
[16] All the analyses in this paper are based on monthly data. For a better visual effect, the anomalies in the figures have been low-pass filtered in time using the Trenberth [1984] filter, which has a cut-off period at about 8 months and retains roughly 80% of the signal at a 24-month period. The hindcast has reproduced the depression of the thermocline in the western Pacific and the rise in the east during 1995 -1996 La Niña and the eastward propagation of positive anomalies during the 1997-1998 El Niño and the negative anomalies thereafter. The simulated anomalies in the eastern equatorial Pacific during the early 1990s are also validated by the TAO observations.
[17] The contours in Figure 3 show eastward propagation of the anomalies, consistent with linear equatorial wave theory which predicts eastward Kelvin wave propagation along the equator. In the unfiltered plot (not shown), the Kelvin waves propagate eastward at speeds of about 1.0-3.0 m/s.
[18] The simulation shows that the 1991-1992 warming began at around 165°E at the center of the warm pool. In comparison, the 1997 -1998 El Niño started from the western boundary. Only very weak Kelvin waves propagated to the eastern basin in 1989.
[19] Figure 4 shows the evolution of zonal wind stress anomalies on the equator derived from SSM/I. The westerly anomalies in the central equatorial Pacific are in good correspondence with the thermocline depression in the eastern equatorial Pacific in Figure 3 .
Linear Wave Dynamics
[20] The pressure and zonal velocity anomalies have been decomposed into linear equatorial waves presented in theory by McCreary [1981] to investigate the ocean wave dynamics. Vertical baroclinic modes and wave speeds are first calculated based on an averaged density profile between 5°N and 5°S. The vertical mode functions are normalized to be unity at the surface. The pressure and zonal velocity anomalies are then projected onto the vertical modes to extract the vertical mode amplitudes, which are further decomposed into the meridional modes (see Appendix A). The effects of the tilted thermocline on the amplitudes and speeds of the linear waves as discussed by Giese and Harrison [1990] have been examined by comparing the decomposition using model density profiles in the western and eastern Pacific. The space-time structures of the low baroclinic mode waves are not sensitive to the vertical density profile used in the decomposition [Boulanger and Menkes, 1995] .
[21] Figure 5a shows the Kelvin and first meridional mode Rossby waves of the first baroclinic mode with a fundamental wave speed of 2.48 m s À1 . The zonal wind forcing on these waves is also shown (see Boulanger and Menkes [1995] for the wind projection). The Kelvin waves are reminiscent of the equatorial thermocline depth anomalies. During 1989, there is a lack of Kelvin wave propagation. The downwelling Kelvin waves during the 1991 -1992 and 1993 El Niños originated from around the dateline YUAN ET AL.: HINDCAST EQUATORIAL WAVES whereas those during the 1994 -1995 and the 1997 -1998 El Niños originated at the western boundary.
[22] Westward propagating first-mode symmetric upwelling Rossby waves were generated by the winds near the dateline in the 1991-1993, the 1994 -1995, and the 1997 -1998 El Niños. Opposite Rossby waves were forced by the easterly wind anomalies west of the dateline during the 1988 -1989 and the 1995 -1996 La Niñas. Downwelling Rossby waves reflected from downwelling Kelvin waves at the eastern boundary were clearly visible in the domain east of 160°W during the 1991-1992, the 1993, the 1994 -1995 and the 1997 -1998 El Niños. The 1992, the 1993, and the 1998 Rossby waves were overwhelmed by the westerly wind anomalies in the western-central Pacific whereas the 1995 Rossby waves made their way to the western boundary. In comparison, upwelling Rossby waves from the eastern boundary reflected from upwelling Kelvin waves were visible during the 1988 -1989 and the 1995 -1996 La Niñas. The propagation of Rossby waves during the El Niño and the La Niña events was basically a mirror reflection of each other, except for small details.
[23] The decomposition of the altimetry data of Delcroix et al. [2000] showed similar waves in the western Pacific during the 1997 -1998 El Niño. They argued that the Kelvin waves were primarily wind forced and that the western boundary reflection played a minor role in the decay of the 1997 -1998 El Niño. Our analysis shows that strong upwelling Rossby waves were generated in late 1997 through 1998 in the western equatorial Pacific. These Rossby waves propagated to the western boundary and were reflected into upwelling Kelvin waves that influenced the central Pacific thermocline depth near 140°W. We infer that the Kelvin waves were reflected from the Rossby waves because the Rossby waves arrived at the western boundary prior to the departure of the Kelvin waves and there was a good correlation between the Kelvin and the Rossby waves near the western boundary (see Figure 6 ). The direct wind forcing lagged the Kelvin wave coefficients significantly (see Figure 9 in section 5.3), suggesting that the wind-forced Kelvin waves were of minor importance. The Delcroix et al. [2000] analysis did not resolve this time lag.
[24] Our analysis differs substantially from the Delcroix et al.
[2000] decomposition during 1992 -1994, when the interannual anomalies were weak. The decomposition of Delcroix et al. [2000] showed that the reflected downwelling Rossby waves from the eastern boundary during 1993 had reached the western Pacific. Our study shows that they diminished at around 150°W. Their study indicated that the upwelling Rossby waves in 1994 had crossed the equatorial Pacific. In contrast, our analysis indicates that they did not cross the 160°W longitude. Further wave decomposition based on zonally varying density profiles shows very little difference in the wave coefficients (not shown), suggesting that the different results are not due to the use of the zonally averaged density profile.
[25] To understand the model nonlinearity better, we have calculated wind-forced Kelvin and Rossby waves based on the projected wind forcing and the wave coefficients at the boundaries. The linear friction coefficient in the windforced solution is based on the minimum vertical eddy mixing coefficient in the Pacanowski and Philander [1981] formula and the maximum buoyancy frequency and is very small (order of 10 À11 s
À1
). The wind-forced solution is not sensitive to the friction coefficient at such a small value. Larger friction is dependent on the Richardson number and is attributed to model nonlinearity. Figure 5b shows the wind-forced solution and the residual difference in the decomposed waves. Because the decomposed linear waves are forced by the wind stress and nonlinear term in the zonal momentum equation, the residual difference is attributed to model zonal momentum nonlinearity. Apparently, the nonlinearity has driven significant amplitudes of long waves. The downwelling Kelvin waves during the 1997-1998 El Niño were significantly enhanced by the nonlinearity in the eastern equatorial Pacific. Strong nonlinear force on the Rossby waves was also evident in the western equatorial Pacific. The wind-forced upwelling Rossby waves in 1994 apparently have traversed the equatorial Pacific as in the Delcroix et al. [2000] solution. Thus, nonlinearity is attributed as the cause of the differences. Wind stress differences and uncertainties in altimetry data decomposition may also be partially responsible for the differences. For example, the 1993 westerly wind bursts in the SSM/I product were stronger and lasted longer than the FSU winds used in the Delcroix et al. [26] The anti-symmetric second-mode Rossby waves have smaller amplitudes than the first-mode waves, and so do the wind stress anomalies projected on this mode (not shown). The fact that this mode has a zero velocity amplitude on the equator suggests that the second-mode Rossby waves are of minor importance to the circulation on the equator. However, this mode plays a role in the wave reflection at the western boundary [Boulanger and Menkes, 1995] .
[27] The third-mode Rossby wave coefficients (figure omitted) show larger amplitudes in the eastern and western Pacific. In the central Pacific, the coefficient is noticeably smaller. The waves in the western Pacific participated in the western boundary reflection. The waves in the east were reflected from Kelvin waves at the eastern boundary and decayed more rapidly than the first-mode Rossby waves.
[28] In the vicinity of the western and eastern boundaries, the decomposed coefficients have been compared with the linear results. Figure 6 shows the wave amplitudes of the first baroclinic mode at 151°E and at 80°W. The longitude of 151°E is chosen because it is at least 1°away from the western boundary, and the wave decomposition can be calculated over an infinite meridional domain. This infinite meridional domain is essential for the ortho-normal relation of the base-mode functions, which is the crux of the wave decomposition in this study. At the eastern boundary, the zonal wave velocity should add up to zero, assuming a straight north-south boundary, which requires the amplitude ratios between the first Rossby and the Kelvin waves to be 1.22 and between the third Rossby and the Kelvin waves to be 0.94. The agreement in the bottom panel suggests that the Kelvin waves are fully reflected into the Rossby waves, and the reflection is in perfect agreement with a linear reflection at a straight north-south wall. The 100% reflection efficiency is in agreement with the Clarke [1983] study, but is in contrast to the 75% reflection efficiency calculated by Boulanger and Menkes [1999] from the altimetry data. It is worth mentioning that at 85°W, where Boulanger and Menkes [1999] made their comparison, there is similar agreement of the Kelvin waves with the reflected first Rossby waves, yet slightly worse agreement with the third Rossby waves, possibly due to the vertical propagation of the waves and the wind and nonlinear effects.
[29] For long wave reflection at the western boundary, the linear theory requires that the longshore integration of the wave velocity normal to the boundary vanishes to satisfy the mass conservation relation [Cane and Sarachik, 1977; Cane and Gent, 1984] . For low-frequency waves at annual or longer periods, McCalpin [1987] shows that the first baroclinic mode reflection is close to that at a straight northsouth infinite boundary if mass leakage of the Indonesia Throughflow is not considered. Clarke [1991] further shows that at the interannual frequencies the irregular and porous western boundary is very close to a straight meridional wall Figure 2d . (top) Coherence-squared functions and (bottom) the phase functions between the simulated and the observed zonal velocity time series at (left) 165°E, (middle) 140°W, and (right) 110°W, respectively. The dashed curves mark the 95% confidence interval, and the dash-dotted lines mark the 95% significance level of the coherencies.
as far as the first baroclinic mode waves are concerned because the interannual wave lengths are much longer than the zonal scale of the Pacific western boundary. Equating the meridional integral of the zonal velocity of the Kelvin and Rossby waves to zero yields Kelvin wave coefficients reflected from the first and the third meridional mode Rossby waves to be 0.41 and 0.13 of the Rossby wave amplitudes, respectively. The theoretical reflected Kelvin wave coefficient is the summation of all the Rossby wave contributions. For a simple semi-infinite meridional western boundary, Boulanger and Menkes [1995] show that the contribution from the anti-symmetric second meridional mode Rossby wave is 0.60 of its amplitude. There is ambiguity about the location of the meridional boundary where the waves are reflected. The location should be such that the theoretical Kelvin wave coefficients are in phase with the simulated coefficients. We estimated this location to be at around 135°E. The theoretical Kelvin wave coefficients reflected at an infinite and a semi-infinite meridional wall at this location are shown in the blue and the red curves, respectively, in Figure 6 . The contribution from higher than the third-mode Rossby waves is very small and is truncated in the calculation of the theoretical Kelvin wave coefficients. The comparisons show that the wave reflection at the Pacific western boundary is significantly different from the linear theories.
[30] We have tried a least squares fitting of the timelagged Rossby wave coefficients with the simulated Kelvin wave coefficients in Figure 6 . The fitted ratios for the first three Rossby waves are (0.13, À0.23, 0.41), significantly different from the ratios of (0.41, 0.60, 0.13) in linear theory. If we should fit the Kelvin waves with the first Rossby waves alone, the ratio is 0.36, closer to the theoretical value. However, the fitted ratio of the second Rossby waves onto the residue is À0.38, and the ratio for the third Rossby waves in turn is 0.23, still significantly different from the linear theory. We find that the fitted ratio for the first Rossby waves is indeed the largest if the reflection is assumed at 135°E. If the reflection is assumed at 130°E and 140°E, the fitted ratio would reduce to 0.33 and 0.35, respectively. Boulanger et al. [2003] have obtained similar fitted ratios for the first Rossby waves at different longitudes in the vicinity of the western boundary, using sea level decomposition and assuming linear wave dynamics. Because of the different reflection dynamics assumed, a thorough comparison of the two studies is not pursued. Note that the least squares fit is just a statistical estimate, the results of which may or may not bear any physics. The difference of the reflection from the linear theory suggests that the linear model is deficient in simulating the Rossby wave reflection at the western boundary.
[31] Figure 6 shows that, during the 1995 -1996 La Niña and the 1991-1993 and the 1997-1998 El Niños when the first Rossby wave coefficients were large, the simulated Kelvin waves had the same sign as the theoretical Kelvin waves, suggesting Rossby wave reflection at the western boundary. However, the magnitudes of the Kelvin waves were larger than those from the linear theories. The differences cannot always be explained by the wind anomalies in the far western equatorial Pacific. For example, the winds were conducive for downwelling Kelvin waves during 1989 -1991 and upwelling Kelvin waves during 1995 -1996 and contributed signals that enhanced rather than compensated for the magnitude differences. The difference also indicates that the wind anomalies in the far western Pacific do not always play a significant role in ENSO evolution. However, during the 1997 -1998 El Niño the westerly wind anomalies in the far western equatorial Pacific were consistent with downwelling Kelvin waves, explaining some of the differences between the linear reflection of Rossby waves and the simulated Kelvin waves. Reflections of higher baroclinic mode waves at the Pacific eastern and western boundaries are similar to the first baroclinic mode and are not presented here.
[32] Various processes may contribute to the differences from the linear theory, for example, the interactions of the anomaly waves with the nonlinear western boundary currents, the nonlinearity of the Mindanao Eddy and the Halmahera Eddy, and the instability waves between the alternating equatorial zonal currents [Toole et al., 1988] . A Figure 2e . Comparison of simulated zonal velocity (thick curve) with TAO measurements (thin curve) at 80 m depth at 110°W on the equator. detailed study of each individual process is very important but is beyond the scope of this study.
ENSO Paradigms
[33] We now examine the wave dynamics that control the interannual variations in light of the three ENSO paradigms. The hindcast results in this study compare well with observations. We assume that the observed winds include the response of the atmosphere to the oceanic forcing as well as wind variations of external forcing. Therefore the consistency of the coupled dynamics in the hindcast simulation with the various proposed paradigms can be investigated.
Delayed Oscillator Paradigm
[34] The thermocline anomalies and zonal wind stress anomalies have been plotted in Figure 7 in the same fashion as in the work of Schopf and Suarez [1988] . The leftmost panel shows the longitude-time evolution of thermocline depth anomaly along 5°N with the eastern boundary on the left. The second panel from the left shows the thermocline depth anomalies along the equator with the western boundary on the left. The connection of contours between the first and second panels signifies wave reflection at the western boundary. The middle panel in Figure 7 shows the zonal wind stress anomalies between 180°and 120°W (with west on the left). The fourth and fifth panels reproduce the first two panels but over different longitudinal spans and with reversed signs.
[35] The delayed oscillator depends on two important processes. The first is the Rossby-Kelvin reflection at the western boundary, which is important in providing Kelvin wave initial conditions that may be associated with the decay of an existing event or the initiation of a new event. The appearance of Rossby wave precursors seems to be well established in Figure 7 , because (1) the phase of the Rossby waves at 151°E appears to be established by the phase farther east, thereby demonstrating westward propagation, and (2) the equatorial Kelvin waves at 151°E are in general in phase with the Rossby waves arriving at 151°E.
[36] The other process is the generation of Rossby waves in the middle of the basin. The propagation of anomalies between the second through the fourth panels shows the process: Owing to the strong air-sea coupling in the central equatorial Pacific, a warm (cold) SST anomaly generates a westerly (easterly) wind anomaly to the west of the heating source, which in turn forces upwelling (downwelling) Rossby waves to propagate to the western equatorial Pacific, hence the negative feedback. This process in the central Pacific Ocean was visible during the 1991 -1998 El Niñ os. However, during the 1988 -1989 La Niña event, the Rossby waves were not clear. The wind anomalies were not propagating (Figure 4) . From 1994 to 1996, the central Pacific was dominated by easterly wind anomalies that forced a quasisteady sea level buildup in the western equatorial Pacific. The La Niña event was not terminated until the strong westerly wind anomalies triggered the 1997 -1998 El Niño in spring 1997. Linear model investigations indeed show similar difference between the termination of El Niño and La Niña [Mantua and Battisti, 1994; Li and Clarke, 1994] .
Advective-Reflective Paradigm
[37] The key to the Advective-Reflective paradigm is an oceanic convergence zone at the eastern edge of the warm pool and its movement with the waves, primarily from those reflected at the eastern boundary. To identify the oceanic convergence zone, we follow Picaut et al. [2001] by releasing two artificial drifters at 160°E and 170°E, respectively ( Figure 5 ), and tracking them based on the velocity anomalies averaged between 4°N and 4°S.
[38] The drifter trajectories are a crude representation of the zonal current advection and convergence. The drifter trajectories tend to converge, suggesting the existence of zonal convergence in the western-central equatorial Pacific. The comparison of the zonal drifter velocity with the velocity of the Kelvin and the first Rossby waves is shown in Figure 8 . Generally, the drifters move to the west during the La Niñas and to the east during the El Niños. During the 1988 -1989 La Niña, the drifters were drawn into the far western Pacific, suggesting the absence of a convergence zone. Similar phenomena were also noticed by Picaut et al. [1997] . During 1992, the drifters converged and moved to the west, apparently not forced by the downwelling Rossby waves from the eastern boundary (Figure 5a ). The westward movement was in the region of the upwelling Rossby and Kelvin waves, the Kelvin waves being reflected from the Rossby waves as discussed in the previous section. Figure 8 shows that the drifter motion was in phase with the Kelvin wave velocity at this time. The simulation here suggests that direct Rossby wave forcing from the eastern boundary was absent during the weak El Niño period of 1991-1993, contradicting the results of Delcroix et al. [2000] , which claimed that the reflected downwelling Rossby waves from the eastern boundary played a role in the termination. Since late 1993, the drifters primarily followed the Rossby wave velocity until 1998, when the eastward movement was in phase with the Kelvin wave velocity. In early 1997, the eastward migration of the drifters was in phase with both the downwelling Kelvin and upwelling Rossby waves. It has been shown that the termination of the 1995 -1996 La Niña and the onset of the 1997 -1998 El Niño was mainly due to the intraseasonal westerly wind bursts in the western Pacific [McPhaden and Yu, 1999] , which were associated with the Madden-Julian Oscillation [McPhaden, 1999; Bergman et al., 2001] or extratropical atmospheric activities [Yu and Rienecker, 1998 ] rather than Rossby waves from the eastern boundary.
[39] In late 1997, the drifters reached the central Pacific and were influenced by the downwelling Rossby waves reflected from the eastern boundary. No upwelling Kelvin waves had arrived from the western boundary at this time. The fact that the drifters stopped their eastward migration but did not return immediately to the western Pacific suggests that the eastern boundary reflection was important but was not the only process to terminate the 1997 -1998 El Niño. Figure 8 shows that in early 1998, the drifters moved westward. However, the Rossby wave velocity anomalies were positive and the drifter velocity was in phase with the negative Kelvin wave signals from the western boundary. This suggests that the western boundary reflection is indispensable to the termination of the 1997 -1998 El Niño. Since the zonal gradient of sea surface temperature was very weak across the equatorial Pacific in early 1998, it was perhaps upwelling rather than zonal heat advection that was important to the demise of the 1997-1998 El Niño [McPhaden, 1999] .
Western Pacific Oscillator Paradigm
[40] In the WPO mechanism, significant Kelvin waves in phase with the wind anomalies in the far western equatorial Pacific propagate eastward to influence the western-central Pacific interannual variations. These Kelvin waves are not apparent during [1989] [1990] [1991] [1992] [1993] (Figure 9 ). The far western Pacific winds during 1995 -1996 were positioned to provide the right negative feedback. However, they do not explain the differences between the simulated and the theoretical Kelvin wave coefficients in Figure 6 , and the upwelling Kelvin waves forced by them could not be detected in Figure 9 . In 1994 and 1997, the winds in the far western equatorial Pacific might have forced the Kelvin waves from the western boundary. Our study shows that the wind-forced Kelvin waves in the far western Pacific (west of 150°E) were of minor importance to the 1996 La Niña and the 1997 -1998 El Niño compared to the western boundary reflection because of the disagreement between the wind and thermocline depth anomalies in 1995 -1996 and the time lag between the wind-forced and the reflected Kelvin waves from the far western Pacific in 1997. Farther east, both the western boundary reflection and episodic wind forcing were important, with large-scale wave dynamics setting the stage and the episodic forcing affecting the timing and rapidity (Figure 5 ).
[41] Wang and Weisberg [2000] inferred that the WPO probably facilitated the decay of the 1997 -1998 El Niño. However, the direct link between the wind and the ocean anomalies in the far western equatorial Pacific was not clearly established in their study. The linear model study of McPhaden and Yu [1999] shows that the easterly wind anomalies in the western basin in early 1998 generated upwelling Kelvin waves, as expected. However, the response west of 160°E was noticeably weak and was preceded by strong Kelvin wave signals from the reflected Rossby waves as shown by Boulanger and Menkes [1999] . The hindcast in this study shows that the upwelling Kelvin waves in the far western Pacific originated mostly from the reflection of the upwelling Rossby waves during the decay of the 1997 -1998 El Niño. The strong downwelling Kelvin waves that initiated the 1997 -1998 El Niño were actually forced in the region east of 150°E [McPhaden and Yu, 1999] , beyond the region Wang and Weisberg [2000] defined as the far western equatorial Pacific Niño 5 (5°S -5°N, 120°-140°E) region, and the winds were unlikely associated with the extro-tropical SST anomalies as conjectured in the WPO paradigm.
Conclusions
[42] A numerical hindcast of the equatorial Pacific Ocean circulation for 1988 -1998 has been conducted using the Poseidon quasi-isopycnal ocean model to study the ocean wave dynamics in the interannual variations of the circulation during the 1990s. The model reproduces the major features of the observed Levitus climatological thermohaline fields and the seasonal-to-interannual variations of the thermocline depth and zonal velocity from the TAO moorings in the tropical Pacific Ocean. The hindcast results were decomposed into linear equatorial waves to study the wave reflections at the Pacific eastern and western boundaries and their role in the interannual variations of the equatorial Pacific Ocean circulation. The wave decomposition represents a first integral estimate of model nonlinear zonal momentum balance. It was found that the reflection of Rossby waves at the Pacific western boundary is significantly different from a linear reflection at an infinite or a semi-infinite meridional wall. In comparison, the reflection of the Kelvin waves at the Pacific eastern boundary is in very good agreement with a linear reflection at a straight meridional wall, and the reflection efficiency is 100%. This is in contrast to the Boulanger and Menkes [1999] analysis of the altimetry data, which estimates a reflection efficiency of only 75% at the eastern boundary. The difference is due to the uncertainty associated with the altimetry data decomposi- tion. The source of uncertainty is twofold: observational errors and ill conditioning of the decomposition matrix.
[43] The roles of the equatorial ocean waves in the evolution of the El Niños and La Niñas during the 1990s have been investigated in light of three of the ENSO paradigms. It is found that the ocean waves from the western Pacific played an important role in the decay of El Niños during the 1990s. For example, the termination of the 1991 -1993 and the 1997 -1998 El Niños were consistent with the Delayed Oscillator process. The reflected Rossby waves from the eastern boundary stopped the eastward migration of the eastern edge of the warm pool during the 1997 -1998 El Niño, consistent with the Advective-Reflective paradigm. However, they were not able to push the eastern edge of the warm pool back to the western Pacific. The western boundary reflection appeared essential to the decay of the 1997-1998 El Niño. The lack of an in-phase relation of the thermocline depth anomalies with the wind anomalies in the far western equatorial Pacific suggests that the Western Pacific Oscillator paradigm did not control the interannual variations of the Pacific circulation during most of Figure 5a . Coefficients of the meridional-mode Kelvin and first Rossby waves of the first vertical mode and the wind forcing on these waves. The contour units correspond to 0.33 m and 1.31 m s À1 for Kelvin wave sea level and velocity anomalies on the equator and 0.14 m and À1.61 m s À1 for first Rossby wave sea level and velocity anomalies on the equator, respectively. Wind stress unit is 10 À5 N m
À2
. Two artificial drifters are launched at around 160°E and 170°E. the 1990s. In contrast to the termination of the El Niños, the termination of the La Niñas in the 1990s and the onset of the 1997-1998 El Niño did not agree well with any of the three paradigms. The 1988 -1989 La Niña was terminated locally in the central Pacific, and the termination of the 1995 -1996 La Niña and the onset of the 1997 -1998 El Niño were mainly caused by the westerly wind bursts in the western Pacific in early 1997.
[44] The study demonstrates significant differences between the general circulation model and the simple linear model simulations, suggesting the importance of processes neglected by the linear model in low-frequency dynamics. Efforts should be made to evaluate the nonlinear momentum balance at the interannual scales to study the dynamics of the western boundary reflection and to assess the nonlinear forcing on the long equatorial waves. 
where N is the buoyancy frequency, c n is the eigenvalue, and D is the depth of the ocean. The vertical mode function is normalized so that
[46] The 3-D velocity and pressure can be projected onto the vertical mode function to extract the vertical mode coefficient (u n , v n , p n ) (represented by p) through 
so that they satisfy the shallow water equation
where
Here A represents the vertical mixing and diffusion coefficient, G is the zonal nonlinear momentum term, and t x is the zonal wind stress components. A long wave approximation has been made in equation (A6) and the effects of the meridional wind stress are neglected.
[47] Equation (A5)-(A7) can be further decomposed into meridional modes. Let u ¼ u n =c n ; p n =c 2 n À Á ðA9Þ Figure 6 . Coefficients of the meridional-mode Kelvin and Rossby 1 -3 waves of the first vertical mode at the western and the eastern boundaries. The Rossby wave coefficients have been multiplied by their reflection ratios. Composite reflected Kelvin waves at infinite and semi-infinite meridional walls are drawn with blue and red curves, respectively, in the top panel.
be the non-dimensionalized vector solution. We can write [see Boulanger and Menkes, 1995] 
where 
